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Background: The CatWalk system, a video based automated gait analysis system developed to evaluate footfall
and gait changes in rodents, has been used for studying rodent models of arthritis, mainly the rat model. However,
it has not been used to study static and dynamic gait parameters in mice with Complete Freund’s adjuvant (CFA).
CFA is used extensively to induce arthritis in rodents including mice.
Methods: The CatWalk system was used to study gait of freely moving mice with CFA-induced monoarthritis and
evaluate pharmacological pain relief in this model of arthritis. CFA (20 μl) was injected intra-articularly into the right
hind (RH) limb ankle joint through the Achilles tendon of C57BL/6 mice.
Results: Mice had less regularity in their walking patterns after CFA inoculation compared to baseline walking
patterns, which was significant at 2 days post inoculation (dpi). The mice also showed changes in static parameters
(paw pressure (light intensity) and print area) as well as dynamic parameters (stance phase duration, swing phase
duration and speed, and duty cycle). The ratio of the RH limb (ipslateral) to the left hind (LH) limb (contralateral) for
paw pressure, print area, stance phase duration, duty cycle (stance phase duration/sum of stance and swing phase
duration), and swing speed were significantly reduced compared to baseline ratios at 1–6 and/or 7 dpi. On the
other hand, RH/LH limb ratio of the swing phase duration increased at 3 dpi compared to baseline values.
Treatment with indomethacin (10 mg/kg) improved or restored the gait parameters of CFA inoculated mice i.e.
similar to baseline values or LH limb.
Conclusions: These data show that the CatWalk system can be used to assess static and dynamic gait changes and
pharmacological pain relief in freely moving mice with CFA-induced monoarthritis.
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parametersBackground
Gait analysis has been used in patients with rheumatoid
arthritis to study both static and dynamic lower limb
functional disability or improvement after treatment
[1,2]. It has also been used for the study of various mod-
els of arthritis [3-6]. The CatWalk system, which is a
video based automated gait analysis system was devel-
oped to evaluate footfall and gait changes in rodents [7].
It can record both static and dynamic parameters such
as paw pressure, print area, stance phase duration, swing* Correspondence: masocha@hsc.edu.kw
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distribution, and reproduction in any mediumphase duration, stride length as well as interlimb coord-
ination. Recently, the CatWalk system has been used for
studying rodent models of arthritis, mainly the rat model
[8-16]. Functional changes caused by arthritis and the
effects of analgesic drugs have been analyzed in some of
these models using the CatWalk system [8-10,12,15].
The evaluation of the usability of this system in different
mice models of arthritis is important taking into consid-
eration that mice are extensively used in the study of the
disease, both in the pathogenesis of the disease and
search for therapeutic targets and molecules, and also
that mice are the preferred animals for genetic modifica-
tion to study biology and disease [17]. The backgroundd Central Ltd. This is an Open Access article distributed under the terms of the
/creativecommons.org/licenses/by/2.0), which permits unrestricted use,
, provided the original work is properly cited.
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transgenic mice is the C57BL/6 (http://jaxmice.jax.org/
strain/000664.html). Two previous studies described the
use of the CatWalk system in assessment of weight
bearing changes and effects of a non-steroidal anti-
inflammatory drug in a lipopolysaccharide (LPS)-induced
monoarthritic C57BL/6 mouse model [8,15]. However, the
analysis was limited to static changes, print area and
weight bearing, only. Beside the CatWalk system, other
gait analysis systems have been used to evaluate gait in
mice with arthritis. One study used DigiGait Imaging
System (Mouse Specifics, Inc.), which is to some extent
similar to the CatWalk system, to evaluate both static and
dynamic parameters in mice with collagen-induced arth-
ritis (CIA) [6]. Locomotion has also been studied in mice
with CIA using a computerized tracking system and image
analyzer (EnthoVision 3.1, Noldus) and was found to be
correlated to clinical arthritis [18].
In the current study the CatWalk system was used to
evaluate gait of freely moving C57BL/6 mice with
complete Freund’s adjuvant (CFA)-induced monoarthri-
tis and also to evaluate pharmacological pain relief in
this model of arthritis. Both static and dynamic para-
meters were analyzed in arthritic mice taking into con-
sideration that it has been shown in human patients
with rheumatoid arthritis that there is close correlation
between lower limb pain with dynamic parameters such
as speed and stride length [19].
Methods
Animals
Female C57BL/6 mice (8 to 12 weeks old; 20 – 30 g,
n = 55) were used and were supplied by the breeding
unit at the Health Sciences Center, Kuwait University,
Kuwait, and were kept in temperature controlled (24 ± 1°C)
rooms with food and water ad libitum. All experiments
were performed during the same period of the day
(8:00 AM to 4:00 PM) to exclude diurnal variations in
pharmacological effects. The animals were handled in
compliance with Animal Resources Centre of the Kuwait
University Health Sciences Center guidelines and the
European Communities Council Directive 86/609 for
the care of laboratory animals and ethical guidelines
for research in experimental pain with conscious ani-
mals [20]. All procedures were approved by the Animal
Resources Centre of the Kuwait University Health
Sciences Center.Induction of arthritis
Monoarthritis was induced as described previously [21].
Briefly, mice were anaesthetized with isoflurane and
20 μl of complete Freund’s adjuvant (CFA, each ml con-
tained 1 mg of Mycobacterium tuberculosis H37Ra,ATCC 25177, heat killed and dried, 0.85 ml mineral oil and
0.15 ml mannide monooleate) (Sigma–Aldrich, St Louis,
MO, USA), was injected intra-articularly into the right
hind limb ankle joint through the Achilles tendon using a
29½-gauge needle. Phosphate buffered saline (PBS, 20 μl),
was administered in the same way to the control group to
evaluate the effects of the injection and volume of liquid
injected intra-articulary, because CFA has no vehicle to use
as a control.
Gait analysis
Gait parameters of freely moving mice were measured
using the Catwalk gait analysis system (Noldus Informa-
tion Technology, The Netherlands) as described previ-
ously [7,15]. Briefly, the CatWalk instrument consists of
an enclosed walkway with a glass plate, a fluorescent
lamp which emits light inside the glass plate, a high
speed colour camera, and a recording and analysis soft-
ware to assess gait of rodents. Each mouse was placed
individually in the CatWalk walkway and allowed to
walk freely and traverse from one side to the other of
the walkway glass plate. Mice were trained as described
previously [15] and gait parameters assessed before
(baseline) and after (daily for 7 days) CFA or PBS in-
oculation. The recordings were carried out when the
room was completely dark, except for the light from
the computer screen. Where the mouse paws made
contact with the glass plate, light was reflected down
and the illuminated contact areas recorded with a high
speed colour video camera that was positioned under-
neath the glass plate connected to a computer that
runs the CatWalk software 7.1. The software automat-
ically labelled all the areas containing pixels above the
set threshold (7 pixels). These areas were identified
and assigned to the respective paws. Analysis of the
recording generated a wide range of parameters of
which only the following were analysed:
I. Interlimb coordination: measured as regularity
index, which is the percentage of normal step
sequences,
II. Paw pressure: light intensity, which is the mean
brightness of all pixels of the print at maximum
paw contact, ranging from 0–255 arbitrary units,
III. Paw print area: complete surface area contacted
by the paw during a stance phase,
IV. Stance phase: duration in seconds of contact of a
paw with the glass plate in a step cycle i.e. stance
phase + swing phase,
V. Swing phase: duration in seconds of no contact of
a paw with the glass plate in a step cycle,
VI. Duty cycle: stance duration as a percentage of the
step cycle duration i.e. stance phase/(stance +
swing phases) × 100
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placements of the same paw
VIII. Swing speed: speed of a paw during swing phase
i.e. stride length/swing phase duration
Drug treatment
Mice were treated intraperitoneally with indomethacin
0.1 (n = 8), 1 (n = 9) and 10 (n = 9) mg/kg (Sigma–
Aldrich, St Louis, MO, USA) or its vehicle (peanut oil,
Sigma-Aldrich, USA, n = 10), 48 hours after CFA inocu-
lation based on the gait analysis results (see Results sec-
tion). The mice were then made to cross the Catwalk
walkway at 1, 2 and 3 h post-indomethacin treatment.Figure 1 Time course of regularity index before (baseline) and after inoc
Freund’s adjuvant (CFA) in the right hind limb. Each point represents the
Statistically significant differences in comparison with baseline: * p < 0.05 (oData analysis
Statistical analyses were performed using repeated mea-
sures two-way analysis of variance (ANOVA) followed
by Bonferroni post-tests or one-way ANOVA followed
by Dunnett's multiple comparison test. The differences
were considered significant at p < 0.05. The results in
the text and figures are expressed as the means ± S.E.M.
Results
Interlimb coordination
The baseline inter-limb coordination of the mice mea-
sured by regularity index was 100% (Figure 1), indicating
that the paw placements of all mice followed a normalulation of (A) phosphate buffered saline (PBS) or (B) complete
mean ± S.E.M of the values obtained from 7 (PBS) to 12 (CFA) animals.
ne-way ANOVA followed by Dunnett's Multiple Comparison Test).
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intra-articular inoculation of PBS in the right hind (RH)
limb (Figure 1A). However, the regularity index dropped
after intra-articular inoculation of CFA in the RH limb
reaching statistical significance only at 2 days post CFA
inoculation (dpi) (p < 0.05; Figure 1B). This significant
drop in regularity index at 2 dpi was mostly due to some
mice that completely avoided stepping with the RH limb
(about 25% of the mice), thus were walking with three
limbs instead of four resulting in a zero regularity index
for these mice (Figure 1B scatter dot plot).
Paw pressure and print area
The paw pressure (light intensity) of the RH limb of
PBS-inoculated mice did not change for 7 dpi compared
to the left hind (LH) limb (Figure 2A). Weight bearing
changes were calculated using the ratio of RH to the LH
limb paw pressure as described previously [8] and [15].
The RH/LH paw pressure ratio of PBS-inoculated mice
also did not change (Figure 2B). On the other hand, the
paw pressure of the RH limb of CFA-inoculated mice
decreased significantly from 1 to 3 dpi compared to the
LH limb (Figure 2C), and the RH/LH paw pressure ratio
decreased significantly from 1 to 6 dpi compared to
baseline values (Figure 2D).
The paw print area of the RH limb and the RH/LH
paw print area ratio of PBS-inoculated mice did not
change for 7 dpi compared to the LH limb or baseline,
respectively (Figure 2E and F) The paw print area of the
RH limb of CFA-inoculated mice decreased significantlyFigure 2 Time course of static gait parameters in mice with (A, B, E a
Freund’s adjuvant (CFA)-injected intra-articularly in the right hind (RH
units) (A and C) and ratio of light intensity between RH and left hind
between RH and LH limbs (F and H). Each point represents the mean ±
Statistically significant differences between RH and LH at the same time po
(repeated measures two-way ANOVA followed by Bonferroni post-tests) an
CFA injection (D and H): * p < 0.05 and ** p < 0.01(one-way ANOVA followfrom 1 to 4 dpi compared to the LH limb (Figure 2G);
similarly the RH/LH paw print area ratio decreased sig-
nificantly from 1 to 5 dpi compared to baseline values
(Figure 2H).
Dynamic paw parameters
All the dynamic parameters evaluated (duration of the
stance phase; duration of the swing phase; duty cycle,
which represents stance duration as a percentage of step
cycle duration; stride length and swing speed) of PBS-
inoculated mice did not change for the RH limb or the
RH/LH limb ratio for 7 dpi compared to the LH limb or
baseline, respectively (Figure 3A-J).
The duration of the stance phase of the RH limb of
CFA-inoculated mice decreased significantly from 1 to 4
dpi compared to the LH limb (Figure 3K). The RH/LH
stance phase duration ratio decreased significantly from
1 to 5 dpi compared to baseline values (Figure 3L). On
the other hand, the duration of the swing phase of the
RH limb of CFA-inoculated mice increased significantly
at 1 and 3 dpi compared to the LH limb (Figure 3M).
The RH/LH swing phase duration ratio increased signifi-
cantly at 3 dpi compared to baseline values (Figure 3N).
The duty cycle of the RH limb of CFA-inoculated mice
decreased significantly from 1 to 5 dpi compared to the
LH limb (Figure 3O). The RH/LH duty cycle ratio
decreased significantly from 1 to 5 dpi compared to
baseline values (Figure 3P), similar to the stance phase
duration. The stride length of the RH limb of CFA-
inoculated mice did not change significantly for 7 dpind F) phosphate buffered saline (PBS) or (C, D, G and H) complete
) limb i.e. paw pressure measured as light intensity (arbitrary
(LH) limbs (B and D), print area (E and G) and ratio of print area
S.E.M of the values obtained from 7 (PBS) to 12 (CFA) animals.
int post-CFA administration (C and G) * p < 0.05 and. ** p < 0.01
d in comparison with ratio of RH/LH paw pressure or print area before
ed by Dunnett's Multiple Comparison Test).
Figure 3 Time course of dynamic gait parameters (A-J) in mice with phosphate buffered saline (PBS) or (K-T) complete Freund’s
adjuvant (CFA)-injected intra-articularly in the right hind (RH) limb i.e. stance phase duration (A and K) and ratio of stance phase
duration between RH and left hind (LH) limbs (B and L), swing phase duration (C and M) and ratio of swing phase duration between
RH and LH limbs (D and N), duty cycle {stance phase duration/(stance + swing phases duration) x 100} (E and O) and ratio of duty
cycle between RH and LH limbs (F and P), stride length (G and Q) and ratio of stride length between RH and LH limbs (H and R), swing
speed (I and S) and ratio of swing speed between RH and LH limbs (J and T). Each point represents the mean ± S.E.M of the values
obtained from 7 (PBS) to 12 (CFA) animals. Statistically significant differences between RH and LH at the same time point post-CFA administration
(K, M, O and S). * p < 0.05 and ** p < 0.01 (repeated measures two-way ANOVA followed by Bonferroni post-tests) and in comparison with ratio
of RH/LH values before CFA injection (L, N, P and T): * p < 0.05 and ** p < 0.01 (one-way ANOVA followed by Dunnett's Multiple Comparison Test).
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RH/LH stride length ratio also did not change signifi-
cantly after CFA inoculation compared to baseline values
(p > 0.05; Figure 3R). The swing speed of the RH limb of
CFA-inoculated mice decreased significantly from 1 to 5
dpi compared to the LH limb (Figure 3S). The RH/LH
swing speed ratio decreased significantly from 1 to 7 dpi
(longer than all other parameters) compared to baseline
values (Figure 3T).
Effects of treatment with indomethacin on gait
parameters of mice with CFA-induced monoarthritis
The effects of treatment of mice with CFA-induced
monoarthritis with different doses indomethacin (0.1 -
10 mg/kg) on the gait changes were evaluated at 48
hours post CFA-inoculation. Indomethacin at a dose of
0.1 mg/kg did not affect any of the gait changes in mice
with CFA-induced monoarthritis (data not shown).
The RH/LH ratios of the static parameters paw
pressure and print area were significantly reduced at
48 h after CFA inoculation (2 dpi), similar to the data
above (p < 0.01; Figure 4). Treatment of monoarthritic
mice with indomethacin 10 mg/kg, but not 1 mg/kg,
alleviated the paw pressure and print area RH/LH
ratio deficits at 1, 2 and 3 hours post drug treatment
(p > 0.05 between baseline values and monoarthritic
treated mice). The effect of the drug was most sig-
nificant at 2 h post-treatment i.e. monoarthritic mice
treated with indomethacin 10 mg/kg had significantly
higher RH/LH ratios compared to vehicle-treated
monoarthritic mice (Figure 4).Figure 4 Effects of indomethacin 1 and 10 mg/kg on (A) weight bear
and left hind (LH) limbs and (B) ratio of RH/LH print area of mice with
their vehicles were administered at 48 hours post-CFA administration and t
point represents the mean ± S.E.M of the values obtained from 9 to 10 ani
values: * p < 0.05 and ** p < 0.01 (one-way ANOVA followed by Dunnett's M
group at the same time point post treatment: # p < 0.05 and # # p < 0.01 (repeaThe RH/LH ratios of the dynamic parameters (stance
phase duration, swing phase duration and speed, and duty
cycle) were significantly changed at 48 h after CFA inocula-
tion i.e. stance phase duration, swing speed, and duty
cycle decreased, whereas swing phase duration increased
(p < 0.01; Figure 5). Treatment of monoarthritic mice
with indomethacin 10 mg/kg alleviated the stance phase
duration, swing phase duration and speed, and duty
cycle RH/LH ratio deficits at 1, 2 and 3 hours post drug
treatment (p > 0.05 between baseline values and mono-
arthritic treated mice). The effect of the drug was most
significant at 2 h post-treatment i.e. monoarthritic mice
treated with indomethacin 10 mg/kg had significantly
higher RH/LH ratios compared to vehicle-treated mono-
arthtic mice (Figure 5). The swing phase duration was
more sensitive to the effects of treatment with indo-
methacin since it was the only parameter alleviated by a
lower dose of indomethacin (p > 0.05 between baseline
values and monoarthritic treated mice; Figure 5).
Discussion
The results of this study show that CFA-induced monoar-
thritis in C57BL/6 mice results in changes in static and dy-
namic gait parameters which can be quantified by the
CatWalk system. These changes are not due to the effects
of the injection process or volume of liquid because intra-
articular administration of PBS did not affect any of the
mice gait parameters. The extent of alleviation of the CFA-
induced monoarthritis deficits in gait parameters by treat-
ment with a non-steroidal anti-inflammatory drug, indo-
methacin, can also be quantified using the CatWalk system.ing (measured as ratio of light intensity between right hind (RH)
complete Freund’s adjuvant (CFA)-induced arthritis. The drugs or
heir effects measured at 1, 2 and 3 hours after drug treatment. Each
mals. Statistically significant differences in comparison with baseline
ultiple Comparison Test) and in comparison with drug vehicle treated
ted measures two-way ANOVA followed by Bonferroni post-tests).
Figure 5 Effects of indomethacin 1 and 10 mg/kg on (A) ratio of stance phase duration between right hind (RH) and left hind (LH) limbs,
(B) ratio of RH/LH swing phase duration, (C) ratio of RH/LH duty cycle {stance phase duration/(stance + swing phases duration) x 100}, and
(D) ratio of RH/LH swing speed duration of mice with complete Freund’s adjuvant (CFA)-induced arthritis. The drugs or their vehicles were
administered at 48 hours post-CFA administration and their effects measured at 1, 2 and 3 hours after drug treatment. Each point represents the
mean ± S.E.M of the values obtained from 9 to 10 animals. Statistically significant differences in comparison with baseline values: ** p < 0.01
(one-way ANOVA followed by Dunnett's Multiple Comparison Test) and in comparison with drug vehicle treated group at the same time point
post treatment: # # p < 0.01 (repeated measures two-way ANOVA followed by Bonferroni post-tests).
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PubMed database we found nine studies that have used
the CatWalk system to study rodent models of arthritis
[8-16]. However, almost all of these studies (seven out of
nine) have been dedicated to the study of rat models of
arthritis [9-14,16]. The two studies that used mice used
the C57BL/6 mice, inoculated with LPS into the RH
limb, evaluated principally static parameters i.e. paw
pressure and print area [8,15]. However, other gait ana-
lysis systems such as the DigiGait Imaging System
(Mouse Specifics, Inc.), have been used to evaluate both
static and dynamic parameters in mice with CIA [6].
Complete Freund’s adjuvant has been used extensively
to induce arthritis in rodents including mice [21-23].Using an observer based-rating scale, mice with CFA-
induced monathritis have been reported to have
impaired stance and gait [21]. Recently, a study using
rats showed that CFA-induced monoarthritis resulted in
deficits in load/weight bearing in the ipslateral limb [16].
In the current study, using the automated CatWalk sys-
tem, reduced weight bearing on the ipslateral limb in
mice with CFA-induced monoarthritis was also
recorded, which resulted in a reduced weight bearing
ratio of the ipslateral to the contralateral hind limb. Akin
to the LPS-induced monoarthritis mouse model [15],
reduced paw print area was observed in the ipslateral
limb of mice with CFA-induced monoarthritis. These
deficits were alleviated by treatment with indomethacin,
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induced monoarthritis mouse model [15]. These obser-
vations resemble the clinical situation in patients taking
into consideration that in patients with unilateral knee
osteoarthritis pain relief in the affected knee resulted in
even load distribution between the legs [24].
Besides weight bearing, dynamic parameters such as
velocity and stride length are altered in human patients
with rheumatoid arthritis and these changes correlate
closely with lower limb pain [19]. This is the first study
where changes in dynamic parameters such as stance
phase duration, swing phase duration, duty cycle and
swing speed quantified by the CatWalk system have
been reported in a mouse model of arthritis. Similar to
what has been reported in rat models of arthritis stance
phase duration and duty cycle (expressed in these other
studies as fraction of total step duration or duty factor)
[9,13] were decreased in the ipslateral limb compared to
the contralateral limb in mice with monoarthritis. Treat-
ment with indomethacin alleviated the deficits in stance
phase duration and duty cycle in arthritic mice. Analge-
sics such as morphine and rofecoxib have also been
shown to improve changes related to stance phase dur-
ation in rats with carrageenan-induced arthritis [9].
Swing phase duration and speed were also changed in
mice with arthritis i.e. swing phase duration was
increased and swing speed was decreased. These para-
meters were improved in mice treated with indometh-
acin. These findings concur with what has been reported
in rats with monoiodoacetate-induced arthritis both in
terms of deficits and improvement after treatment with
an analgesic, celecoxib [10].
Conclusion
This mouse model of arthritis induced by intraarticular
injection of CFA has weight bearing and temporal gait
deficits comparable to other models of arthritis, either
rats or mice models. The use of an automated gait ana-
lysis system, CatWalk system, in evaluating gait deficits
in mice with CFA-induced arthritis can produce quanti-
fiable and easy-to- reproduce data with less observer
bias. More importantly, these deficits and their allevi-
ation by drug treatment correspond to what is observed
in some human patients with arthritis.
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